INTRODUCTION
Perihilar cholangiocarcinoma (PHC) is the most common biliary cancer, with an annual incidence of 1-2 per 100.000 persons. 1 A curative intent resection is indicated in the absence of metastatic and locally advanced disease. Complete resection of PHC requires a combined extrahepatic bile duct resection and liver resection; 2 however, liver resection for PHC is associated with a very high postoperative mortality rate, ranging from 5% to 18% in large series. [3] [4] [5] [6] [7] Biliary obstruction from PHC has been identified as an important risk factor for postoperative mortality. [8] [9] [10] Decompression of the future liver remnant (FLR) with biliary drainage potentially decreases the risk of postoperative mortality. 11 However, cholangitis caused by biliary instrumentation and contamination in turn increases mortality. 3, 12 Recent studies have suggested that biliary drainage should be reserved for patients with small FLR volume, as stent related complications may outweigh the benefits of biliary decompression in subgroups with large FLR volume. Kennedy et al showed higher postoperative mortality when patients with FLR's above 30% were subjected to preoperative drainage. 13 Similarly, Farges et al found an adverse effect of preoperative drainage for left-sided hepatectomy (i.e. smaller volume resections). 5 The objective of this study was to estimate postoperative mortality in patients with different FLR volumes, and to investigate the effect of preoperative biliary drainage in these subgroups. Moreover, this study aimed to develop a preoperative mortality risk score to predict 90-day mortality after liver resection for PHC. Preoperative risk assessment is important for shared decision-making regarding surgical therapy, and it may enable identification of modifiable risk factors.
METHODS

Patients
This study included only patients who underwent concomitant extrahepatic bile duct resection and major liver resection (i.e., resection of at least 3 liver segments) for presumed PHC. Approximately 10% of patients are typically found to have alternative diagnoses at postoperative pathology. 14, 15 These patients were included in the analyses, because information regarding the definitive pathology is unavailable at the time of preoperative shared decision-making. Consecutive patients, who underwent surgery between January 1997 and March 2014, were identified from prospective databases in the Academic Medical Center (AMC) in Amsterdam, the Netherlands, and the Memorial Sloan-Kettering Cancer Center (MSKCC) in New York, USA. Presumed PHC was defined as an apparent malignant biliary stricture, originating in the common hepatic duct, the hepatic duct confluence, or in the left or right hepatic duct.
Five variables were selected in the analysis because they were preoperatively available, and A standard approach was used to develop the mortality risk score. 26 The number of points assigned to each risk factor equalled its regression coefficient in multivariable analysis. Points were divided by the risk factor with the smallest absolute number of points, and rounded to the nearest whole number. Predicted risks were then calculated for each patient by applying total point-scores to the logistic regression formula. Risk score tertiles were used to categorize patients into low-risk, intermediate-risk, and high-risk groups. We calculated the area under the curve (AUC) and 95%
confidence intervals (CIs) to estimate how well the model discriminated between patients with and without postoperative mortality. Model validation was performed using bootstrap resampling to quantify the overfitting of our modeling strategy and predict future performance of the model.
Statistical analyses were performed using SPSS v22 (SPSS Inc., Chicago, IL), and R, version 2.15.3, software packages (http://www.r-project.org/).
RESULTS
Patients
A total of 378 patients underwent resection of presumed PHC during the study period. Of these, 91 patients were not included because they underwent an extrahepatic bile duct resection without a major liver resection (90-day mortality 1%). The remaining 287 patients underwent a combined extrahepatic bile duct resection and major liver resection, and were included in this study (n=151 from MSKCC and n=136 from AMC). Patient demographics and characteristics are shown in Table 1 . There were 184 men (64%); mean age was 62 years (range 29-87 years). Final pathologic diagnosis confirmed PHC in 258 patients (90%), but revealed other disease in 29 patients (10%), consisting of intraductal papillary neoplasm of the bile duct without invasive component in 6 (2%), and a benign stricture in 17 patients (6%). A malignancy other than the preoperatively suspected PHC was found in 6 patients (2%), consisting of gallbladder carcinoma (2), hepatocellular carcinoma
(1), neuroendocrine tumor (1), sarcoma (1), and colorectal metastasis (1). 
Preoperative drainage
Jaundice was observed in 241 patients (84%). Preoperative biliary drainage was used to treat jaundice in 228 patients (79%), which included endoscopic stent placement (n=130), percutaneous transhepatic catheter placement (n=27), or both (n=71 
Effect of drainage in patients with large FLR
Jaundice at presentation was observed in 92 of 115 patients (80%) with large FLR, and 82 of these patients underwent preoperative drainage. Postoperative mortality in the drained subgroup was 10 of 82 patients (12%), and the major determinant was preoperative cholangitis developing after preoperative drainage (20% vs. 8%; Figure 3 ). By contrast, postoperative mortality among the 10 undrained jaundiced patients was 0%. The median bilirubin level in these patients was 188 µmol/L (range 52-422 µmol/L); median FLR volume was 71% (range 55-77%); 9 patients underwent leftsided hepatectomy and 1 right-sided hepatectomy. Postoperative mortality in 23 patients with large FLR and no jaundice was also 0%.
Multivariable analysis
Multivariable analysis is shown in Table 4 . Risks predicted by the mortality risk score. 
Group
Mortality risk score
The derived preoperative risk score to predict postoperative mortality yielded a total score ranging from 0-9. (Table 3 ) Predicted risks for each point score are presented in Table 4 . The predicted risk was 2% in the low-risk tertile (0-2 points); 11% in the intermediate-risk tertile (3 or 4 points); and 37%
in the high-risk tertile (≥5 points).
Model performance
Predictive accuracy (discrimination) of the mortality risk score was measured by calculating the AUC, 
DISCUSSION
This study identified FLR volume as an important determinant of postoperative mortality after major liver resection for PHC. Not only did the FLR volume independently predict postoperative mortality, it was also shown to interact with biliary drainage status. Incomplete drainage of the FLR was a risk factor only in patients with a small or intermediate FLR below 50%, but not in patients with a large FLR above 50%. A mortality risk score based on the analysis had good predictive accuracy.
Preoperative biliary drainage has long been a topic of debate for both perihilar and distal biliary obstruction. It is used as standard treatment in many centers, since it has been shown to improve liver function and regeneration capacity. 11 Also, patients are often referred to specialty centers with drains already in place. Nonetheless, preoperative biliary drainage has a high morbidity rate, which was exemplified by a Dutch multi-center trial that showed an increased rate of perioperative complications after preoperative drainage for cancer of the pancreatic head. 20 In patients with PHC, a recent French multi-center study found that preoperative drainage was beneficial for right-sided hepatectomy but not for left-sided hepatectomy. Preoperative drainage for left-sided hepatectomy was associated with increased postoperative mortality, presumably because drainage-related complications outweighed the benefits of biliary decompression in this subgroup. 5 This difference in outcomes was attributed to a smaller parenchymal sacrifice after left-compared to right-sided hepatectomy. However, the side of liver resection in PHC is an inaccurate surrogate for the resected volume because atrophy of the tumor-involved liver with contralateral hypertrophy of the FLR is common. Moreover, extended resections are not considered when right-and left-sided resections are compared. Using volumetry to accurately determine resected and remnant liver volumes, we
showed that 10% of patients submitted to left-sided liver resections had a liver remnant below 50%.
Furthermore, 9% of patients submitted to right-sided liver resections had a hypertrophic large liver remnant above 50%. We analyzed the effect of drainage on postoperative mortality in our combined two-center cohort of patients who mostly underwent preoperative drainage if they presented with jaundice. After categorizing patients according to FLR volume, we found that incomplete drainage of the FLR (i.e. persistent biliary dilatation on imaging) was a risk factor in patients with a small or intermediate FLR volume below 50%. By contrast, incomplete FLR drainage was not an adverse factor in patients with a large FLR volume above 50%. The risk of 90-day mortality in patients with a large FLR was rather determined by preoperative cholangitis developing after preoperative drainage.
No postoperative mortality was observed in 33 undrained patients with large FLR volumes, including 10 jaundiced patients. Cholangitis developing after preoperative drainage is strongly associated with postoperative mortality and should be avoided or resolved prior to surgery. It is less often reported in patients who are drained percutaneously (~10%) rather than endoscopically (40-60%), 31, 32 but this difference remains to be confirmed in a randomized controlled trial that is currently underway. 21 The present study suggests that preoperative drainage should be avoided in patients with a large FLR above 50%.
Preoperative drainage carries a risk of cholangitis and related mortality, while biliary decompression has shown no benefit because, in these patients, the FLR is large enough to regenerate sufficiently.
The observed 14% all cause postoperative 90-day mortality rate is comparable to other large Western series of liver resection for PHC. The French multicenter study reported a 90-day mortality of 11% in 366 patients. 5 A recent Italian multicenter study reported 10% in 376 patients, although it was not specified whether this was in-hospital, 30-day, or 90-day mortality. 4 Another study included 5 224 patients who underwent liver resection from centers in Europe and USA, and reported a 90-day mortality of 16%. 6 Especially Asian centers published lower rates of postoperative mortality.
For example, a Japanese group reported a 90-day postoperative mortality of 5% in 574 patients. 3 Several centers reported higher postoperative mortality rates up to 18%. 7, 33 The actual range may be even wider due to publication bias. The difference in postoperative mortality of 10% to 18% between the two centers in the present study is within this range. Although the absolute difference is substantial, multivariable analysis failed to demonstrate an independent significant association between treating center and 90-day postoperative mortality.
This retrospective study has several limitations. Firstly, a low number of events was associated with statistical uncertainty in multivariable analysis, as reflected by the relatively wide confidence intervals.
To reduce the risk of overfitting and optimism in the model, we restricted the multivariable analysis to five pre-defined risk factors, which were selected based on prior evidence from the literature.
Alternative methods that are able to evaluate more candidate predictors, such as backward selection procedures or shrinkage techniques, require datasets with a larger number of events (e.g. at least 10 events per considered variable). Although a larger study population would allow for more definitive conclusions, the present report combines the two largest published Western series. Secondly, the risk score was not externally validated, which would be highly desirable. The combined dataset of the two centers did not suffice to use one center for derivation and the other for validation of the risk score. Other large series typically lack patient-level liver volume data. Thirdly, other described risk factors for postoperative mortality, such as intra-operative blood loss and blood transfusion, 3, 4 could have further improved the mortality risk score. These factors, however, were intentionally excluded because they are not available preoperatively. Fourthly, completeness of FLR drainage was classified by assessing biliary dilatation on imaging. As an alternative, bilirubin levels have often been used in previous studies as a measure of biliary obstruction, but bilirubin levels may not be sensitive to (partial) obstruction in the FLR when stents drain the contralateral resection liver.
Finally, some included patients were shown to have other disease than PHC at final postoperative pathology. Nonetheless, these patients were intentionally included in the analysis, as they were suspected to have PHC at preoperative staging. This perspective is important, since about 80% of patients undergo surgery without preoperative proof of malignancy, 34 and about 10% have a different diagnosis at final postoperative pathology. 14, 15 In conclusion, the proposed risk score may be used for shared decision-making regarding the benefits and harm of surgery. FLR volume, FLR drainage status, and preoperative cholangitis are to some extent modifiable risk factors. Portal vein embolization is recommended if the FLR is below 30%. Complete preoperative drainage of the FLR segments is associated with lower postoperative mortality in patients with an FLR volume below 50%. By contrast, resection in patients without preoperative drainage in the presence of an FLR volume above 50% may reduce postoperative mortality; for these patients the risk of cholangitis developing after drainage outweighs the questionable benefit of biliary decompression.
